To determine how population structure of the host species affects the spread of transposable elements and to assess the strength of selection acting on different structural regions, we sequenced P elements from strains of Drosophila willistoni and Drosophila sturtevanti sampled from across the distributions of these species. Elements from D. sturtevanti exhibited considerable sequence variation, and similarity among them was correlated to geographic distance between collection sites. By contrast, all D. willistoni elements sampled were essentially identical ( Ͻ 0.2%) and exhibited patterns typical of a recent population expansion. While the canonical P elements sampled from D. sturtevanti appear to be long-time residents in that species, a rapid expansion of a very young canonical P-element lineage is suggested in D. willistoni, overcoming barriers such as large geographical distances and moderate levels of population subdivision. Between-species comparisons reveal selective constraints on P-element evolution, as indicated by significantly different substitution rates in noncoding, silent, and replacement sites. Most remarkably, in addition to replacement sites, selection pressure appears to be strong in the first and third introns and in the 3Ј and 5Ј flanking regions.
P
ELEMENTS are one of the most thoroughly studgenus Drosophila and a few closely related genera (for a ied families of eukaryotic transposable elements review see Clark et al. 2002) , as well as from Anopheline (TEs), and much is known about their structure, transmosquitoes (Sarkar et al. 2003 ; Oliveira de Carvalho position mechanisms, and evolutionary history (O'Hare et al. 2004). and Rubin 1983; Engels 1989 Engels , 1996 Clark et al. 2002;  Only two P-element subfamilies include elements that Rio 2002). Here we address two understudied aspects of are known to be active. One of them, the canonical P-element evolution, namely their transmission within subfamily, owes its name to the inclusion of the canoninatural populations and the distribution of sequence cal element from D. melanogaster and others that are motifs affecting element fitness among different strucclosely related to it (O'Hare and Rubin 1983) . This tural regions.
subfamily is characteristic of the two New World species The canonical P element, first isolated from Drosophila groups of the subgenus Sophophora, the Drosophila wilmelanogaster, is ‫3ف‬ kb long and contains four open readlistoni and Drosophila saltans groups (Clark et al. 1995) , ing frames (ORFs) that together encode a transposase and is the main focus of this study. The second active ( Figure 1 ; O'Hare and Rubin 1983). In addition, a P element was found in Scaptomyza pallida (Simonelig truncated polypeptide consisting of only the first three and Anxolabéhère 1991), and belongs to the M-type ORFs and part of the third intron encodes a repressor of subfamily (Hagemann et al. 1994) . transposition (Laski et al. 1986; Robertson and Engels Previous studies revealed the presence of selective 1989; Misra and Rio 1990; Gloor et al. 1993) . P-eleconstraints acting on nonsynonymous sites of P element sequences have been grouped into ‫52ف‬ subfamiments (Witherspoon 1999; Silva and Kidwell 2000) . lies according to their level of sequence identity and These results were explained by purifying selection acthost taxa (Hagemann et al. 1994 (Hagemann et al. , 1996a Clark and ing at the level of the host to preserve the functional Kidwell 1997; Sarkar et al. 2003 ; Oliveira de Carcoding sequence of the repressor polypeptide. In addivalho et al. 2004) . The distribution of P elements seems tion, selection was also explained by the advantage that to be mainly restricted to the order Diptera, the vast autonomous elements (those encoding all sequence facmajority of the elements having been sampled from the tors required for transposition) have over nonautonomous ones at the time of horizontal transfer, which is considered to be an essential step in the P-element life of the P element, which limited the power of the analyses acting in both coding and noncoding regions of P elements within and between species, on the basis of a and prevented assessment of possible constraints in noncoding regions.
large sample of elements, and (2) to investigate the spread of P elements among natural populations of two While several studies have explicitly addressed the transfer of canonical P elements among species (Clark species that, in contrast with D. melanogaster, are not commensal with humans. and Kidwell 1997; Silva and Kidwell 2000; Loreto et al. 2001) , the spread of these elements within species has been studied only in D. melanogaster. It has been MATERIALS AND METHODS argued that the association of D. melanogaster with human activities has played a major role in the acquisition Strains: P-element sequences were obtained from 35 strains of D. willistoni and 9 strains of D. sturtevanti. The origin of and subsequent rapid spread of P elements throughout these strains is broadly representative of the distributions of worldwide populations of the species in Ͻ200 years the two species, which range from Mexico and Florida in the (Kidwell 1979; Engels 1992) . Therefore, it is questionnorth to Southern Brazil, but sampling was more exhaustive able whether the spread of P elements in this species is in D. willistoni than in D. sturtevanti ( Figure 2 , Table 1 ).
representative of the rapidity of spread of TEs in host DNA isolation and sequencing: Total genomic DNA was obtained from each strain following standard protocols. P populations.
elements were PCR amplified from each strain using oligonuHere we report a study of the molecular evolution of cleotide PInvRep (Table 2) under the following conditions: canonical P elements within two species, D. willistoni Nucleotide variation: Estimates of heterozygosity per site were obtained from the average pairwise number of differences between elements, (Nei and Li 1979) , and from , calculated on the basis of the number of polymorphic sites, S (Watterson 1975) . These calculations were performed with DnaSP 3 (Rozas and Rozas 1999).
Substitution estimates: The number of synonymous substitutions per synonymous site, d S , and the number of nonsynonymous substitutions per nonsynonymous site, d N , was estimated using the method of Nei and Gojobori (1986) . Standard deviations for the average d S and d N within and between groups of sequences were calculated as described by Nei and Jin (1989) . Divergence in noncoding regions (introns and untranslated regions) was estimated using the Jukes-Cantor method ( Jukes and Cantor 1969) . Maximum-likelihood estimates of among D. willistoni elements, where ϭ d N /d S , were obtained using the method of Goldman and Yang (1994) implemented in PAML 3.13 (Yang 1997) . The model of evolution used assumes one for all sites, and we tested whether the value of estimated from the data provided a significantly better fit to the data than when is fixed and equal to 1. Because the model in which is constrained is a special case of the more general model where is free to vary, the difference in likelihood of the two models can be tested for statistical significance using a likelihood-ratio test (LRT), in this case by comparing the LRT statistic to a 2 distribution with 1 d.f. (Yang and Nielsen 2002) .
Phylogenetic analysis: The phylogenetic relationship among P-element sequences was reconstructed by maximum parsimony. Tree space was searched using branch-and-bound. Bootstrap analysis consisted of 100 bootstrap replicates using branch-and-bound. Phylogenetic analyses were performed in Figure 2 . There are 78 polymorphic sites among the 35 P elements elements from Drosophila mediopunctata (Loreto et al. 2001) examined (Table 3) . Of these, 75 are singletons, two
and Drosophila nebulosa (Lansman et al. 1987) , and partial P sequences obtained by Clark et al. (1995) of which is the mutation present in three sequences b The D. willistoni stocks from the Drosophila Resource Center are numbered 14030-0811.X and those of D. sturtevanti 14043-0871.X (where X stands for the number of each specific stock of the species). Only the digits after the dash are listed. We could not obtain the collection dates for these stocks but they are likely to date from the 1960s or 1970s (W. Heed, personal communication).
(position 2625). These polymorphisms are distributed result. The maximum-likelihood estimate of is 0.634 (ln L ϭ Ϫ3817.9547). However, this value does not evenly along the element, as revealed by similar levels of polymorphism in different structural regions (Table  provide a (Table 4) . A more precise estimate of , the ratio d N / unclear whether this lack of significance reflects a true value of ϭ 1 (i.e., that ‫6.0ف‬ is just stochastic variance d S , obtained using maximum likelihood, supports this tevanti42, which is known to belong to a noncanonical subfamily (Clark et al. 1995) , and Dst-Matlapa2, which groups with noncanonical elements. Also, the elements around the mean of ϭ 1), or whether it results from from D. sturtevanti are paraphyletic in relation to those insufficient power of the method to detect significance from D. willistoni and other species and form clades at very low levels of divergence.
according to the geographic origin of the strains from Length polymorphism in the D. sturtevanti P elements:
which they were obtained. The D. sturtevanti elements The P-element fragments amplified using the terminal from Mexico (with the exception of Matlapa2) group repeat primers in D. sturtevanti strains varied in size with those from Central America. One of the elements between 500 bp and 4 kb. The PCR products amplified from the Dominican Republic forms a clade with the from strains from Mexico (Apazapán and Matlapa), El one from Jamaica and, finally, the D. sturtevanti elements Salvador, and Panama had two sizes, of ‫7.2ف‬ and 3 kb from Brazil form a monophyletic group. This geoin length. One random 3-kb clone was sequenced from graphic grouping also coincides with the distribution each strain, except for A10S from which two randomly of the length of PCR products obtained in each line chosen clones were sequenced. The PCR result from and is further supported by the location and size of the Jamaican line showed a single 500-bp product (one indels ( Figure 1 and Table 5 ). Each of the clades identiwas randomly chosen for sequencing) that from the fied in this analysis was treated independently for the Dominican Republic yielded two fragments of ‫3ف‬ kb purposes of polymorphism and divergence estimates. and 650 bp (one of each size was sequenced). In total, Divergence between D. willistoni and S. pallida P ele-11 P elements were obtained from the nine strains of ments: The D. melanogaster canonical element differs D. sturtevanti (Table 1) . Structurally, these elements are from the consensus sequence of the D. willistoni eleconsiderably more polymorphic than those obtained ments only at nucleotide position 32 ("A" in D. melanofrom D. willistoni (Figure 1 ). Some have deletions that gaster and "G" in D. willistoni); this extremely low diverencompass almost the entire length of the element, one gence is explained by the recent horizontal transfer of has a large insertion, and others have smaller deletions a P element between the two species (Daniels et al. of various lengths (Table 5 ). The presence of multiple 1990). We estimated the divergence of D. willistoni P indels that disrupt the reading frame of the transposase elements from the S. pallida P element 18 (Simonelig makes it unlikely that any of these elements encodes a and Anxolabéhère 1991). The latter is a member of functional transposase.
the only P-element subfamily, other than the canonical Nucleotide variability in D. sturtevanti P elements: In one, for which functionality has been confirmed in vivo, addition to the high degree of sequence length polymorand differs from the canonical element by ‫%52ف‬ (Silva phism, the elements from D. sturtevanti also differ markand Kidwell 2000). The number of substitutions per edly from one another in nucleotide sequence: there are synonymous and per nonsynonymous site (d S and d N , 283 nucleotide polymorphisms in the 11 D. sturtevanti P respectively) were estimated separately for each P-eleelements sequenced. In comparison with the canonical ment region, as well as for the coding region as a whole (Table 4) . Several remarkable results emerge from these P-element reference sequence, the polymorphisms in The subregions in the element are marked on top. The 5Ј and 3Ј ends correspond to the noncoding flanking regions, and i2 and i3 correspond to introns 2 and 3, respectively. The position of each mutation in the data set is indicated and should be read vertically. Asterisks at the bottom of the figure indicate replacement mutations and the letter S indicates nonsense mutations, which lead to stop codons. All other mutations in the coding region are synonymous.
comparisons. First, d S is significantly larger than d N in divergence between the elements from these two species (Ͻ10%). In addition, and as already observed for D. all comparisons. Second, d N is larger in ORF3 than in the other three ORFs (significantly so in relation to willistoni P elements, the 5Ј and 3Ј regions flanking the transposase, as well as the first and third introns, have ORFs 0 and 1). Finally, the number of substitutions in noncoding regions is significantly lower than that in tended to evolve more slowly than silent sites (the difference is statistically significant for intron 1), and nonsynsynonymous sites, with the exception of intron 2. The significance of these observations is addressed in the onymous sites in ORF3 have evolved significantly faster than those in the other three ORFs. discussion.
Polymorphism and divergence in D. sturtevanti P eleTwo P elements from the Antilles strains of D. sturtevanti, Jamaica, and the Dominican Republic, also form ments: Five D. sturtevanti elements from Mexico and Central America were grouped into clade A (Figure 3) . a monophyletic group, clade B. They share one small insertion in the 3Ј end and one large internal deletion These elements are almost intact structurally, and the few indels observed are almost all fixed among them that eliminates most of ORF0, -1, and -2, and half of ORF3 ( Figure 1 and Table 5 ). These elements bear (Table 5 ). The degree of polymorphism in synonymous sites does not differ significantly from that in nonsynonya strong similarity to the canonical elements from D. willistoni (Table 7) . When these elements are compared mous sites (Table 6) Differences between the number of synonymous and replacement substitutions for each exon, for all exons grouped together, and between noncoding regions and overall synonymous substitutions were tested for significance using a t-test. Significance levels are: P Ն 0.05 NS; 0.05 Ͼ P Ն 0.01 *; 0.01 Ͼ P Ն 0.001 **; P Ͻ 0.001 ***.
3Ј noncoding regions, but the difference is not signifielements, d N is always larger than d S (significantly so within ORF1, ORF2, and for the element as a whole), cant.
The two Brazilian elements from D. sturtevanti, from and the first and third introns are the slowest evolving structural regions of the element. Nonsynonymous sites Ceará and Minas Gerais (I27), are very similar to each other, as reflected in the low level of polymorphism in in ORF3 evolve faster than those in the other ORFs. Finally, one element from the Dominican Republic clade D (Table 8 ) and the multiple indels that they share ( Figure 1 and Table 5 ). The degree of polymorphism (DomRep4) and the element from Matlapa each form individual lineages (C and E, respectively). Details of in nonsynonymous sites does not differ from that in synonymous sites. When compared to the D. willistoni their divergence from the D. willistoni elements are pre- a There is a fixed insertion in all D. sturtevanti P elements relative to the canonical element in the 3Ј untranscribed region. b Large internal deletion starts at position 7 in ORF0 and ends in position 168 of ORF3. c These elements share all indels with the exception of those in intron 1. d These elements share all indels with the exception of one insertion exclusive to Ceará, in ORF0.
Interspecies P-element comparisons: Our survey revealed a striking difference between the two species in the degree of structural and sequence variability of the P elements sampled. While those sampled from D. willistoni are extremely similar to one another, with overall ‫%61.0ف‬ (Table 4) , the elements from D. sturtevanti differ considerably from each other in both structure and sequence (Figure 1 and Table 5 ). In addition, similarity among D. sturtevanti P elements is related to the geographic regions from which the strains were collected, as evidenced by the groups formed by elements from Central America (represented by Mexico, El Salvador, and Panama), from the Antilles (Jamaica and the Dominican Republic), and from Brazil (Ceará and Minas Gerais). Each of these three groups is characterized by specific insertions and deletions (Figure 1 , Table 5 ), as well as by shared derived nucleotide polymorphisms, which are reflected in the P-element phylogeny ( Figure  3 ). These data, together with homogeneous PCR band sizes within each group, are consistent with the hypothesis that different D. sturtevanti populations carry their own sets of P elements.
Comparisons of P elements between species provide strong evidence that sites in all structural regions of the element, except for intron 2, have evolved under purifying selection. These include not only replacement sites in exons but also, somewhat surprisingly, those in below in the context of evolutionary scenarios and mechanisms that could have facilitated them.
The residence time of canonical P elements in D. sented in Table 9 . While d N is not significantly lower than d S for most exons in the case of the DomRep4 willistoni and D. sturtevanti: We have determined that canonical elements sampled previously from the wilelement, when the coding region is considered as a whole this difference is significant. In the case of the listoni and saltans groups diversified at most three million years ago (Silva and Kidwell 2000) . However, element from Matlapa, substitutions have accumulated significantly faster in nonsynonymous than in synonythe very high degree of sequence similarity among D. willistoni P elements, which contrasts sharply with the mous sites in all but ORF2, in which a long deletion prevents a reliable estimate. Once more the evolution results from D. sturtevanti, suggests that the sampled D. willistoni canonical elements last shared a common rate in the 5Ј and 3Ј noncoding regions and in the first and third introns is lower than that of synonymous sites, ancestor much more recently than the time of diversification of the two species. If our sample is representative and ORF3 evolved faster than the other ORFs for which a reliable rate could be obtained.
of all canonical P elements in D. willistoni, then this Table 4. species might have been one of the last species within elements, that of D. willistoni elements is characterized by the almost exclusive presence of singleton mutations, the two New World Sophophora groups to be invaded by canonical P elements. The P elements sampled from which includes both length and nucleotide polymorphisms. Because our sequences were obtained from D. sturtevanti are paraphyletic in relation to the other canonical elements, including those in D. willistoni (Fig- cloned P elements, some of the polymorphisms could represent polymerase errors. The expected number of ure 3). Together with the high sequence and structural heterogeneity of D. sturtevanti elements, this suggests an false polymorphisms in our total data set caused by such errors is approximately two (see materials and metholder invasion of D. sturtevanti by canonical P elements, relative to that observed for D. willistoni, and their subseods). However, we found over 70 polymorphisms, clearly above the expected background error level, and the quence divergence by mutation and drift. However, the high similarity among D. sturtevanti elements of clade effect (if any) of polymerase errors on the results should be negligible. Furthermore, the fact that the excess of A, which are present in lines from Mexico and Central America, and the much lower degree of polymorphism singletons is observed in indels, as well as in point mutations, suggests that the pattern is real. The predomiamong these elements than in host markers , provide strong evidence for the activity of D.
nance of singleton substitutions may indicate either a rapid expansion of P elements in the host species or sturtevanti elements that postdates the origin of this species. Whether a more exhaustive sampling of other subthe presence of weakly deleterious mutations. The extremely high degree of similarity among P elements populations of D. sturtevanti would show additional localized spread of canonical elements within this species sampled from locales that are separated by thousands of kilometers, together with a lack of evidence for strong remains to be seen. If this were the case, it would suggest that the P-element family retains many pockets of transselective constraints within species, suggests that canonical P elements invaded D. willistoni relatively recently position activity, which may serve as the source of new waves of horizontal transfer.
and spread quickly throughout the whole species. D. willistoni populations, with an estimated F st ‫51.0ف‬ Spread of P elements within species: In sharp contrast to the polymorphism observed among D. sturtevanti P for both nuclear (Adh) and mitochondrial (ND5) mark- Table 4. ers, are much less structured than those of D. sturtevanti, range even when gene flow, as detected from host markers, is somewhat restricted. for which F st Ն 0.48 for both types of molecular markers . The marginal populations of D. willistoni, Selection on P elements: In both D. willistoni and D. sturtevanti, the presence of deletions and insertions that such as those in the Antilles and Florida, show a significant degree of genetic differentiation from the contidisrupt the transposase reading frame, as well as the fact that these indels are evenly distributed among codnental populations, while in D. sturtevanti significant differentiation is observed among continental populaing and noncoding regions, suggests a lack of selective constraints on P elements within species. Between spetions as well . This species difference likely results from the higher density, wider ecological range, cies, however, the slower rate of evolution of nonsynonymous sites in all four ORFs relative to that of synonyand concomitant larger effective population size of D. willistoni relative to that of D. sturtevanti. mous sites suggests that there is selective pressure to maintain transposase activity, in agreement with previOur results suggest that the spread of P elements can be hindered by significant subdivision of the host ous results (Witherspoon 1999) . This suggests that elements that encode an active transposase have a fitness population, as shown by the association between element similarity and geographic origin of the D. sturteadvantage over nonautonomous elements. Interestingly, in all comparisons, nonsynonymous sites in ORF3 vanti elements. However, the canonical P elements in D. willistoni, including those from peripheral, isolated evolve significantly faster than those in the other three ORFs. As ORF3 is the only ORF not included in the 66-populations, are all nearly identical, showing that these elements can spread rapidly throughout the species kD polypeptide that represses transposition, this result provides support for the hypothesis that independent, likelihood value of is also Ͻ1, but again not significantly so. These results suggests the possibility that selecadditive constraints act on the transposase and on repressors of transposition (Witherspoon 1999) . While tion also acts during the transmission of elements within species, but that the small number of polymorphisms ORFs 0-2 are subjected to selective pressures imposed by both types of constraint, ORF3 is subjected only to observed makes it impossible to obtain enough power to produce a significant result. Selection at the withinthose imposed on the transposase; therefore it evolves faster than the first three ORFs. species level could occur by two processes. It could result from the fact that some of the nonsynonymous polymorSurprisingly, the rate of evolution of some noncoding regions, namely the first and third introns and, often, phisms are effectively neutral or only slightly deleterious (Kimura 1983) . Slightly deleterious nonsynonymous the 3Ј and 5Ј flanking regions, is of the same order of magnitude as that of nonsynonymous sites and considerpolymorphisms linger in populations for many generations, but only rarely go to fixation and hence the ratio ably lower than that observed in synonymous sites. Several characteristics of the P-element transposition mechof synonymous to nonsynonymous mutations increases with time, being barely notable in a sample of recently anism, as well as the maternal transmission of the 66-kD repressor of transposition, are linked to these regions diverged sequences. A similar pattern is observed in the mitochondrial DNA of many animal species, in which and provide possible explanations for their relatively high degree of conservation. The 3Ј and 5Ј noncoding the ratio of synonymous to nonsynonymous mutations within species is lower than the ratio between species regions contain motifs that are required for transposition, such as the inverted terminal repeats, 11-bp inter-(Nachman 1998). This first process requires that transposase acts preferentially in cis, such that the mutated nal inverted repeats, and unique sequences ‫051ف‬ bp in length at each end of the element (Engels 1989) . Reelements have a lower transposition efficiency; this seems unlikely in eukaryotes, as the processes of translacent evidence suggests that the third intron is involved in targeting of the P-element mRNA to the oocyte (Simtion and transposition occur in different cellular compartments. A second process that could lead to a differmons et al. 2002) . More importantly, this intron is not spliced out from the P-element mRNA transcript in the ence in the rate of accumulation of synonymous and replacement substitutions would occur when the selecsomatic tissue, where it is translated; its presence is essential to maintain in the correct frame the early stop tion coefficient of mutations in an element varies with the ratio between autonomous and nonautonomous elecodon that gives rise to the truncated 66-kD repressor polypeptide (Robertson and Engels 1989 ; Misra and ments in a cell. This corresponds to selection mechanism (4) described by Witherspoon (1999) and can Rio 1990; Roche et al. 1995) , thus preventing transposase activity in the soma, which would be clearly deleteribe explained as follows: during the first stages after invasion of a new host species, most elements are comous to the host. Therefore, it is not too surprising that this intron evolves under selection. Because the rate of plete and transposase will be plentiful, acting either in cis or in trans. However, with time, elements accumulate evolution of intron 1 is just as low as that of intron 3, our results strongly suggest that the former contains a mutations and autonomous elements become sparse. If, at this point, the number of autonomous and of nonmotif, or motifs, involved in the repression of transposition.
autonomous elements per cell varies independently, and if the frequency of transposition is a direct function Selection mechanism: The patterns of divergence described above support a scenario according to which of the number of autonomous elements per cell, such that transposition is more frequent in cells with the most selection acts on the element only at the time of horizontal transfer between species, and not during evolufunctional elements, then the conditions are created for selection to favor autonomous over nonautonomous tion within species. When invading a new genome, the fitness of autonomous elements is higher than that of elements. A larger number of sequences (or more divergent elements) will have to be collected to determine nonautonomous elements because the former contain, by definition, all intact sequence motifs required for whether the lack of significance in the values of d S and d N within D. willistoni is real or the result of a lack of transposition and can therefore spread in the new host; during within-species transmission, however, transpopower due to the small number of mutations.
In conclusion, we have provided evidence consistent sase could act in trans, benefiting autonomous and nonautonomous elements alike. Previously, this has been with the idea that P elements are opportunistic elements that can spread very rapidly throughout a species, dethe hypothesis most frequently put forward to explain observations of selective constraint in the evolution of spite the existence of a small amount of population structure. We have also shown that selective pressures transposases encoded by class II TEs (Witherspoon 1999; Silva and Kidwell 2000) .
differ significantly among structural regions of the element. Most remarkably, evolutionary constraints in the Our present results from a large sample of P elements from D. willistoni show that d S within species is larger first and third introns are almost as strong as those observed in nonsynonymous sites. Because the strongest than d N for all four ORFs, even though the difference is not statistically significant (Table 4 ). The maximumconstraints seem to be associated with functions impor- elements are needed to obtain a conclusive result.
